The effects of chylomicron remnants on the activity of basally produced nitric oxide (NO) from porcine coronary artery rings and porcine aortic endothelial cells were studied by investigating the effects of chylomicron-remnant-like particles (CMR-LPs) containing porcine apolipoprotein E on the vessel tone of porcine coronary arteries and on cGMP release by aortic endothelial cells. CMR-LPs were oxidized by incubation with CuSO 4 (10 µM) for 18 h at 37 These results indicate that oxCMR-LPs, but not native CMR-LPs, inhibit the activity, production or release of NO from unstimulated porcine coronary and aortic endothelial cells. oxCMR-LPs mimicked the addition of L-NOARG and endothelium removal in these experimental systems, suggesting that the lipoproteins were interfering with the L-arginine/NO pathway. This study provides further evidence to support a role of chylomicron remnants in the development of atherosclerosis.
INTRODUCTION
All major risk factors for atherosclerosis, including hypercholesterolaemia, hypertension and smoking, have been associated with endothelial dysfunction and specifically with impaired endothelium-dependent vascular relaxation caused by inhibition of nitric oxide (NO) synthesis, which occurs at an early stage in the disease [1] . Thus endothelium-derived NO, which is an important lipoproteins [5, 6] . There is much evidence supporting the role of lipoproteins and, in particular, low-density lipoprotein (LDL) in the development of atherosclerosis. LDL has been shown to inhibit NO-mediated endothelium-dependent vasorelaxation [7] . However, most studies have found that oxidation of LDL, which is known to occur within the artery wall [8] , is required for this effect [9, 10] . Although it is clear that LDL plays a major role in atherosclerosis development, there is now increasing evidence to indicate that chylomicron remnants, lipoproteins that carry fat and cholesterol of dietary origin to the liver, are also strongly atherogenic [11] . Delayed clearance of chylomicron remnants has been correlated with the progress of atherosclerotic lesions [12, 13] , and the remnant particles have been shown [14, 15] to be taken up by the rat and rabbit aorta as efficiently as LDL [16] . Furthermore, recent work in our laboratory has shown [15, 17] that chylomicron remnants also influence endothelial function. We have shown that endothelium-dependent relaxation in the rat aorta is inhibited in the presence of chylomicron remnants by a mechanism involving interference with the l-arginine/NO pathway [15, 17] , and Doi et al. [18] have reported similar findings in the rabbit aorta using remnants isolated from postprandial plasma of hyperlipidaemic subjects. In general, the effects of the remnant particles were also enhanced after oxidation of the particles [15, 17] .
In addition to agonist-induced activation of the larginine/NO pathway, continuous or basal production of NO by vascular endothelial cells can be demonstrated and is important in causing tonic vasodilation, which opposes adrenergic tonic vasoconstriction [19] . NO released basally or after stimulation by agonists acts on adjacent smooth muscle cells to activate guanylate cyclase, converting GTP into cGMP, which mediates relaxation [20] . NO also works in an autocrine manner stimulating cGMP production in endothelial cells [21, 22] . Lipoproteins, such as LDL, also interact with this system, as they have been shown to down-regulate endothelial cell cGMP production [23, 24] .
Our previous investigations [15, 17] on the effects of chylomicron remnants on endothelial function have used the rat aorta in conjunction with chylomicron remnants prepared from rats in vivo. The rat, however, is resistant to the development of hypercholesterolaemia atherosclerosis and the pig, which develops atherosclerosis spontaneously in a process influenced by diet, hormones and stress, is generally considered to be a better model for the study of factors influencing the development of the human disease [25] . For this reason, porcine coronary arteries and aortic cells were used in the present study to investigate the effect of artificial chylomicron-remnantlike particles (CMR-LPs) containing apolipoprotein E (apoE) on basal NO production by determining their effects on vascular tone in porcine coronary artery vessel rings. In view of previous work showing that oxidized, but not native LDL, inhibits NO-mediated vascular relaxation [9, 10] , experiments were also carried out with CMR-LPs after oxidation by exposure to CuSO 4 (oxCMR-LPs) and, in addition, the effects of the oxCMR-LPs on cGMP release from unstimulated porcine aortic endothelial cells (an indicator of basal NO production) were studied.
MATERIALS AND METHODS

Animals
Male and female pigs of varying age and weight slaughtered at a local abattoir were used as the source of hearts, thoracic aorta and blood. All of the tissues were collected within 5 min of death, placed in sealed containers and transported on ice to the laboratory. Coronary arteries were flushed with cold KrebsHenseleit solution (KHS; 118 mM NaCl, 4.57 mM KCl, 1.27 mM CaCl 2 , 1.19 mM KH 2 PO 4 , 1.19 mM MgSO 4 , 25 mM NaHCO 3 and 5.55 mM glucose) prior to transport. Blood was collected into centrifugable containers as the pigs were bled out from incisions made in their necks and the blood was allowed to clot.
Preparation of CMR-LPs
Lipid emulsions were prepared based on the methods described by Lenzo et al. [26] and Diard et al. [27] . A lipid mixture (total weight of 50 mg) consisting of 70 % triolein, 2 % non-esterified cholesterol, 3 % cholesterol oleoyl ester and 25 % phospholipids (70.5 % phosphatidylcholine, 6.88 % lysophosphatidylcholine, 11 % phosphatidylethanolamine, 2.58 % phosphatidylinositol, 2.58 % phosphatidylserine and 6.54 % sphingomyelin) was emulsified by sonication (22-24 µm, 20 min at [55] [56] • C) in Tricine buffer (20 mM, pH 7.4) in saline (density 1.006 g/ml). The density of the crude emulsion was increased to 1.21 g/ml by adding solid KBr, layered under sequential NaCl solutions of densities 1.065, 1.020, 1.006 g/ml and centrifuged (20 min, 17 000 g, 20
• C) in a swing-out rotor (SW41, Beckman L80 ultracentrifuge). The top layer of grossly emulsified lipids was removed and discarded, an equal volume of NaCl of density 1.006 g/ml was added and the centrifugation was repeated (1 h, 70 000 g, 20
• C). The top layer, containing lipid particles of the size and composition of chylomicron remnants, was then harvested.
The binding of porcine apoE to the lipid particles was carried out by incubating the lipid particles with porcine serum. Fresh pig blood was centrifuged at 3000 g for 35 min at 4
• C to remove the red blood cells. The serum was collected and subjected to a further centrifugation at 85 000 g in a fixed-angle rotor for 16 h at 4
• C to remove lipoproteins of density < 1.006 g/ml (chylomicrons, chylomicron remnants and very-LDL).
The top 1.5 cm of the density gradient containing these lipoproteins was discarded after tube slicing and the bottom fraction containing apoE was collected and frozen at − 20
• C until required. The lipid particles were mixed with the pig serum containing apoE in a ratio of 1:2.5 (particles/plasma, v/v) and incubated for 16 h in a shaking water bath maintained at 37
• C. The mixture was then layered under NaCl (0.9 %) of density 1.006 g/ml and centrifuged at 45 000 g for 16 h at 12
• C. The CMR-LPs containing apoE were collected from the top 1-1.5 cm of the tubes by tube slicing and stored under nitrogen at 4
• C. The particles were found to contain apoE and no other lipoproteins, and their mean diameter (57 nm) and triacylglycerol (TAG)/cholesterol ratio (6:1) was similar to the values reported for chylomicron remnants prepared in vivo [28] .
Oxidative modification of CMR-LPs
The CMR-LPs were oxidized using CuSO 4 by a modification of the method of Deckert et al. [29] . CuSO 4 was added (final concentration 10 µM) to CMR-LPs with PBS, and the mixture was incubated in a shaking waterbath at 37
• C for 18 h. After this time, a small portion was taken to determine the level of oxidation. The extent of oxidation was determined by measuring the levels of thiobarbituric acid reactive substances (TBARS) in the preparation, as described by Steinbrecher et al. [30] . Tetraethoxypropane, which is converted into malondialdehyde in the assay, was used as the standard. The remaining sample was dialysed against 5 litres of NaCl (density 1.006 g/ml) for 5 h to remove the CuSO 4 and halt the oxidation process. The free cholesterol and TAG concentrations in the oxCMR-LPs were determined using kits supplied by Sigma-Aldrich.
Isolated porcine vessel studies
The left descending coronary artery of each pig heart was catheterized at the abattoir and carefully flushed with 20 ml ice-cold KHS in situ. The hearts were bathed in KHS in a sealed bag and transported to the laboratory on ice. On arrival at the laboratory, the left descending coronary artery was dissected free from surrounding myocardium and connective tissue and cut into 4-5 mm rings. Some artery rings had their endothelium removed by gently abrading the luminal surface with a wooden cocktail stick. Each artery was mounted on to two parallel stainless steel wire hooks in a water-jacketed 10 ml organ bath containing KHS maintained at 37
• C and gassed with carbogen (95 % O 2 ; 5 % CO 2 ). The lower hook was fixed and the upper hook was connected to an HSE 30 isometric force transducer. Changes in isometric circumferential force were amplified and displayed on Linseis 650 dual-channel chart recorders. The vessel rings had 2 g of tension applied and were allowed to equilibrate until a plateau point was reached. Resting tension was gradually and progressively increased until a stable resting tension of approx. 4-5 g was reached. The vessels were then stimulated by changing the bathing solution to depolarizing potassium solution (DKS; 118 mM KCl, 1.27 mM CaCl 2 , 1.19 mM KH 2 PO 4 , 1.19 mM MgSO 4 , 25 mM NaHCO 3 and 5.55 mM glucose). Once the rings had reached maximal tension, the DKS was replaced with KHS and the rings allowed to return to a steady resting tension. Vessels were then constricted by the addition of the thromboxane mimetic U44069 (10-30 nM). Once a steady tension had been established, bradykinin (1 µM) was added. Any rings that did not relax by at least 70 % of the total U44069-induced tone were rejected. The drugs in the organ bath were removed by exchanging the KHS with fresh KHS and the resting tension re-established. All the bathing solutions contained the cyclo-oxygenase inhibitor indomethacin (10 µM) .
To test the effects of the NO synthase (NOS) inhibitor N ω -nitro-l-arginine (l-NOARG) and CMR-LPs on resting vessels, endothelium-intact porcine coronary artery vessels under resting tension conditions were incubated with 300 µM l-NOARG, native or oxCMR-LPs (20 µM cholesterol). Some vessel segments were incubated with 300 µM l-NOARG for 30 min and, after this period, oxCMR-LPs (20 µM cholesterol) were added. Any changes in circumferential tension caused by these agents were then recorded and expressed as a percentage of the DKS contraction.
We also investigated the effects of l-NOARG and CMR-LPs on relaxant responses to the NO donor, Snitroso-N-acetyl-dl-penicillamine (SNAP). In physiological salt solutions, SNAP spontaneously decomposes to liberate NO. Porcine coronary artery vessels (endothelium intact) were incubated with either 300 µM l-NOARG for 30 min, oxCMR-LPs (20 µM cholesterol) for 45 min or saline (0.9 % v/v; control), after which time the vessels were contracted with 10-30 nM U44069 (producing 30-50 % of DKS response) and cumulative concentration-response relaxation curves were constructed to SNAP (1 nM to 0.1 mM). The effect of removal of the endothelium on the vasorelaxant responses to SNAP was studied using pairs of vessels from the same animal in each experiment, one endothelium denuded and the other endothelium intact. All the bathing solutions contained the cyclo-oxygenase inhibitor indomethacin (10 µM).
Studies with porcine aortic endothelial cells
Under aseptic conditions, the outside of the aorta was washed with PBS and loose connective tissue was removed, the intercostal arteries were ligated and the distal end of the aorta was clamped. The lumen of the aortas were rinsed with PBS to remove any blood clots, filled with collagenase solution (1 mg/ml in PBS), clamped at the proximal end of the vessel and incubated at 37
• C for 20 min. After this time, the collagenase solution containing the detached endothelial cells was harvested, mixed with an equal volume of Dulbecco's modified Eagle's medium (DMEM; Gibco) containing 10 % (v/v) foetal bovine serum and centrifuged at 1000 g for 10 min. The cell pellet was washed in DMEM and recentrifuged (1000 g, 10 min), resuspended in 5 ml of incubation medium [DMEM containing 10 % (v/v) foetal bovine serum, 1 % glutamine, 1 % penicillin, 1 % streptomycin, 1 % fungizone and 10 mM Hepes], transferred to a 25 cm 2 culture flask and incubated at 37
• C in 5 % CO 2 . For experiments, the cells were plated in 6-well plates, allowed to become 80-90 % confluent (passage 1; 1.5 × 10 6 cells/ well) and incubated in incubation medium for 12 h. The medium was then removed and DMEM containing the phosphodiesterase inhibitor isobutylmethylxanthine (IBMX; 1 mM) was added to prevent the breakdown of cGMP, and the incubation was continued for 30 min. l-NOARG (300 µM), bradykinin (1 µM), oxCMR-LPs (50 µM cholesterol) or an equivalent volume of PBS was added with DMEM (containing 1 mM IBMX) in each well to give a total volume of 1.5 ml. The cells were incubated for 3 or 6 h, after which time the medium was removed and stored at − 70
• C. The cGMP content of the supernatant was determined using a cGMP competitive enzyme immunoassay, based on competition between unlabelled cGMP and a fixed quantity of peroxidaselabelled cGMP for a limited number of binding sites on cGMP-specific antibodies. A kit supplied by Amersham Biosciences was used according to the manufacturer's instructions. The protein concentrations of the cell cultures were determined using a modification of the Lowry method [31] .
Statistical analysis of data
Data were expressed either as increase in tension expressed as a percentage of the maximal DKS response or decrease in tension expressed as a percentage of the maximal U44069-induced contraction, and were plotted against log 10 agonist concentration. Cumulative concentration-response curves for each vessel segment were fitted to the single site logistic equation allowing for a variable slope using PRISM 3.0 (GraphPad Software Inc.):
where Y is the response seen (increase or decrease in tension) and X is the drug concentration. The maximum response (E max ), EC 50 (concentration of drug required to produce 50 % of the maximal response) and the Hill slope of the concentration-response curve were derived for each vessel segment and used to calculate the means + − S.E.M. In each case, a paired Student's t test was used to compare EC 50 , E max and Hill slope values between rings incubated with lipoprotein/drugs or l-NOARG and control vessel rings obtained from the same animal which were examined on the same experimental day.
RESULTS
Oxidation of CMR-LPs
Incubation of native CMR-LPs with CuSO 4 for a period of 18 h resulted in an increase in the levels of TBARS found in the preparations of approx. 5.4-fold compared with untreated particles (1.84 + − 0.19 compared with 0.34 + − 0.05 nmol of malondialdehyde/µmol of TAG in treated and non-treated respectively; P < 0.05; n = 4).
Responses of porcine coronary artery vessel segments to L-NOARG, native and oxCMR-LPs and oxCMR-LPs in L-NOARG pretreated vessels
The addition of l-NOARG or oxCMR-LPs to the bathing solution of porcine coronary arteries held under resting tension consistently resulted in a small immediate contraction that was sustained. The increase in tension when l-NOARG was added was 14.2 + − 2.09 %, which was 3 times greater in magnitude than when oxCMRLPs were added, causing an increase of 4.98 + − 0.88 %. The addition of native CMR-LPs, however, did not cause significant contraction in the vessel segments (0.47 + − 0.21 %). When segments were preincubated with
Figure 1 Cumulative concentration-response relaxation curves to SNAP in endothelium-denuded or -intact porcine coronary artery rings
The vessel segments, either endothelium denuded () or endothelium intact (᭺), were preconstricted with U44069 (10-30 nM) and SNAP was cumulatively added. The ordinate scale represents the relaxation response expressed as a percentage of the U44069-induced tone. Each data point represents the mean + − S.E.M. from five experiments; error bars are only included when they exceed the size of the symbol. The best-fit values for EC 50 , E max and Hill slope were derived by a computerized non-linear curve fitting procedure for each vessel segment and are presented in Table 1 . 50 , E max and Hill slope were derived by a computerized non-linear curve fitting procedure for each vessel segment and are presented in Table 1 .
l-NOARG for 30 min, no further contraction was seen when oxCMR-LPs were added (0.08 + − 0.06 %).
SNAP-induced relaxation of porcine coronary artery vessel segments after endothelial denudation or addition of L-NOARG and oxCMR-LPs
The effects of endothelial denudation, l-NOARG and oxCMR-LPs on SNAP-induced relaxation in the vessel segments are shown in Figures 1, 2 and 3 respectively, and the best-fit values for EC 50 , E max and Hill slope are shown in Table 1 . All three treatments potentiated the responses to SNAP particularly at higher concentrations, causing a significant increase in the E max value, but did not change their sensitivity (EC 50 ) to SNAP. The magnitude of this potentiating effect appeared to be greatest for l-NOARG, followed by endothelial denudation and oxCMR-LPs.
Effects of bradykinin, L-NOARG and oxCMR-LPs on release of cGMP by porcine aortic endothelial cells
Initial experiments showed that addition of bradykinin to cultured porcine aortic endothelial cells increased the
Figure 3 Cumulative concentration-response relaxation curves to SNAP in endothelium-intact porcine coronary artery rings incubated with oxCMR-LPs
The vessel segments were incubated with oxCMR-LPs () at an organ bath concentration of 20 µM cholesterol or an equal volume of saline (᭺) for 45 min before they were contracted with 10-30 nM U44069 (producing 30-50 % of DKS response). The ordinate scale represents relaxation expressed as a percentage of the contraction induced by U44069. Each data point represents the mean + − S.E.M. from six experiments; error bars are only included when they exceed the size of the symbol. The best-fit values for EC 50 , E max and Hill slope were derived by a computerized non-linear curve fitting procedure for each vessel segment and are presented in Table 1 .
Table 1 Concentration-response relaxation curve parameters of SNAP in porcine coronary artery rings: effect of endothelium removal, L-NOARG and oxidized CMR-LPs
Endothelium-denuded porcine coronary vessel segments, or endothelium-intact porcine coronary vessel segments incubated with L-NOARG (300 µM) or oxCMRLPs (20 µM cholesterol), were preconstricted with U44069 (10-30 nM) and cumulative concentration-response relaxation curves to SNAP were constructed. The relaxant response was expressed as a percentage of the U44069-induced tone. Each value represents the mean + − S.E.M. from five experiments. The best-fit values for EC 50 , maximum percentage relaxation and Hill slope were derived by a computerized non-linear curve fitting procedure for each vessel segment. *P < 0.05 compared with the corresponding control (paired Student's t test). 91.50 + − 3.79 1.27 + − 0.08 amount of cGMP found in the medium by 199 + − 17 % compared with that seen in control cells, whereas l-NOARG reduced the release to 34 + − 6 % (n = 4 in both cases). oxCMR-LPs, however, mimicked the effect of l-NOARG, causing a significant reduction in cGMP release (control, 116.2 + − 12.0; + oxCMR-LPs, 84.2 + − 11.6 fmol/µg of cellular protein; P < 0.05; n = 6)
DISCUSSION
One of the difficulties involved in studying chylomicron remnants is that, in vivo, they are rapidly cleared from the circulation [32] , so they cannot be isolated from the blood by the relatively simple procedures used for other lipoproteins such as LDL. For this reason, artificial lipid particles resembling chylomicron remnants (CMRLPs) and containing porcine apoE were used in the present study. The CMR-LPs were of a size and lipid composition resembling physiological remnants and contained porcine apoE. Similar lipid particles have been used extensively to study chylomicron and chylomicron remnant function. Their metabolism is identical with that of natural particles [33] [34] [35] , and they mimic the effects of physiological remnants in experiments with cultured cells [27, 36] . However, it should be acknowledged that these particles are not identical with those found circulating postprandially in human plasma. For example, TAG composition of the CMR-LPs used in the present study was triolein, whereas naturally occurring chylomicron remnants would have a TAG composition which varied depending on the dietary fat consumed. In addition, CMR-LPs lack the apolipoprotein B48, which is found in naturally occurring particles. Nevertheless, CMR-LPs, such as those used in the present study, represent a convenient and viable model of dietary hyperlipoproteinaemia. Our previous work [37] has demonstrated that the artificial CMR-LPs used in the present study inhibited agonist-induced NO-mediated relaxations of porcine coronary artery. In addition to agonist-induced activation of the l-arginine pathway, however, vascular endothelial cells continuously produce NO, which maintains the vasculature partially dilated. In the present study, therefore, we have used CMR-LPs to investigate the effects of chylomicron remnants on basal NO production by testing their effects on vasorelaxation in porcine coronary arteries and cGMP release in cultured porcine aortic endothelial cells.
Isolated vessel segments in an organ bath set-up suspended between two wires are not exposed to pulsatile forces, which stimulate basal NO production in vivo [38] . However, previous work [39, 40] has shown that basal production of NO occurs under resting conditions, and this was also found to be the case in the present study. The experimental design used enabled measurement of any changes in vessel tone caused by alteration in the level of vasomediators released by the vessel itself. A change in tension was observed after the addition of a supramaximal concentration of l-NOARG, a NOS inhibitor. Additionally, this change in tone caused by l-NOARG was only seen when the endothelium layer was intact (results not shown). N G -nitro-l-arginine methyl ester (l-NAME), another NOS inhibitor, has been reported to have a similar effect in the porcine cerebral artery [41] . These findings illustrate the importance of basal NO in maintaining the vascular tone in the coronary and cerebral circulations.
There have been no previous studies, as far as we are aware, regarding the effects of chylomicron remnants on basal release of NO from any animal model. However, oxidized LDL has also been found to inhibit flowinduced dilatation of pig coronary artery in a manner similar to l-NAME [23] , and cultured bovine aortic endothelial cells treated with LDL derived from hypercholesterolaemic patients have been found to have impaired ability to produce NO [42] . In the present study, the addition of native CMR-LPs to resting vessels did not alter the tone of the vessel rings; however, oxCMR-LPs significantly increased the tension of the resting vessels, but to a lesser extent than l-NOARG. The addition of oxCMR-LPs to vessels pretreated with l-NOARG had no effect on vessel tone, suggesting that the oxCMRLPs mimic l-NOARG by interfering with the l-arginine/ NO pathway. Thus, when this pathway had been maximally inhibited by l-NOARG, no further vasoconstriction could be elicited by oxCMR-LPs. These findings, therefore, are consistent with our earlier studies [37] showing that oxidized chylomicron remnants inhibit agonist-induced relaxation in porcine coronary artery by acting on the l-arginine/NO pathway. Additionally, as non-oxCMR-LPs have no effect on vessel tone, these results also indicate that, as with LDL [9, 10, 23, [43] [44] [45] , the effects of chylomicron remnants on basal NO production by the endothelium are dependent on prior oxidation of the particles.
Blood vessels from different sites of the circulation appear to differ in their ability to produce NO when unstimulated, characterized by their vasoconstrictor responses to NOS inhibitors [46] . For example, unstimulated rat aorta does not constrict to l-NOARG and our previous studies [47] examining the effects of chylomicron remnants on isolated rat aorta failed to reveal an inhibitory effect on basal production of NO. Remnant particles did potentiate phenylephrine-induced contractions in an endothelium-dependent manner in rat aorta, but the mechanism of this potentiation did not appear to involve the NO system and remains to be elucidated [47] . Thus it is possible that the results of the action of CMR-LPs on basal activity of the NO pathway within a given blood vessel will depend on the relative activity of that pathway within the blood vessel and/or on the sensitivity of the smooth muscle of the blood vessel to the cGMP generated in response to NO [46] .
Further evidence supporting the above conclusion that CMR-LPs inhibited basal NO production in porcine coronary arteries was provided by experiments examining their effects on the responses of these vessels to the NO donor SNAP. Vessel segments that are already partially relaxed as result of tonic endogenous NO release have a lower capacity to relax in response to exogenously applied NO. Inhibition of endogenous NO production in resistance arteries leads to a time-dependent increase in their relaxation responses to NO donors [48] . This phenomenon was evident in the present study, as either the removal of the endothelium or the addition of l-NOARG, both of which block NO production or release, significantly increased the maximum response of porcine coronary artery vessel rings to SNAP. Moreover, these effects were mimicked by oxCMR-LPs, providing further evidence to suggest that they act to reduce basal NO production. Since SNAP produces its effects by spontaneous release of NO within solution, potentiation of the action of SNAP by oxCMR-LPs seems to argue against the suggestion that these particles inhibit the l-arginine/NO pathway by reducing NO bioactivity.
In vivo, stimulated or basal NO release from endothelial cells acts on endothelium and smooth muscle cells, which leads to an increase in cGMP. If oxCMR-LPs inhibit basal NO production or its activity, therefore, they would be expected to decrease cGMP release in endothelial cells. In order to test this, studies were carried out using cultured porcine aortic endothelial cells. Initial experiments confirmed that cGMP produced by the cells is mediated by basal NO production as, in unstimulated cells in the presence of l-NOARG, the levels decreased to less than 25 % of the control cGMP levels, indicating that at least 75 % of the basal cGMP production is regulated by NO. In addition, cGMP release was increased by the agonist bradykinin, which promotes NO synthesis through activation of endothelial NOS [49] . When oxCMR-LPs were added to the cells, cGMP release was significantly decreased compared with control cells. These results suggest that CMR-LPs prevent the basal production or action of NO within the endothelial cell, rather than inhibiting its efflux from the cell or promoting the destruction of NO following its release.
Previous work [50] has shown a negative correlation between the magnitude of endothelium-dependent NOmediated vascular dilatation and plasma levels of LDL. In vitro studies suggest that this is due to enhanced inactivation [51, 52] and/or reduced synthesis of NO [53] . The result is reduced formation of cGMP in vascular smooth muscle cells [21, 54] . A study looking at the effects of hypochlorite-modified LDL [24] also showed an inhibition of cGMP in human umbilical endothelial cells in a time-and dose-dependent manner. In the present study, the effect of adding oxCMR-LPs to aortic endothelial cells clearly reduced the levels of cGMP released into the medium. As the majority of cGMP production is controlled by NO, this reduction in cGMP reflects a reduction in NO production and/or bioactivity within the endothelium, and the results from the cGMP assay confirm the findings obtained in the studies using intact vessel rings.
The exact mode of action of CMR-LPs in inhibiting the l-arginine/NO pathway remains to be determined. In the results obtained with the isolated rings of porcine coronary arteries, the contractions were observed within 1-2 min (results not shown) for both oxCMR-LPs and l-NOARG. This suggests an interaction of CMR-LPs at the membrane level to reduce NOS activity and hence NO production. It is possible that binding of oxCMRLPs to endothelial cell-surface receptors, such as the LOX-1 receptor [55] , could lead to modulation of endothelial NOS activity. Binding of CMR-LPs to the surface of endothelial cells has not been investigated, although these particles have been shown to enter the arterial wall [14, 15] . Further studies are necessary to determine the precise mode of action of CMR-LPs in reducing basal activity of the l-arginine/NO pathway of endothelial cells.
In summary, the present study demonstrates that oxCMR-LPs inhibit basal production and/or bioactivity of NO in the porcine endothelium. Since NO is a key mediator of normal endothelial function and helps to prevent the development and progression of atherosclerosis, this study provides further evidence to support the atherogenic nature of the remnant particles.
